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Ni XXVII THEORETICAL SPECTRUM 
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Re'sum6.- Des spectres de haute r6so7ution du Nickel viennent d16tre  obtenus au J.E.T. 
dans l e  domaine de longueur dlonde 1.584 - 1.615 4 h pa r t i r  d'un spectrometre h c r is -  
ta l  courbe. On pr6sente i c i  l e s  premieres donnees atomiques necessaires h leur 
inteYpretation, e l l e s  correspondent aux raies de resonance du Ni XXVII e t  aux raies 
s a t e l l i t e s  des N i  XXVI e t  Ni X X V  qu 'e l les  soient di6lectroniques ou d 'excitat ion 
d 'electrons de couches internes. 

Abstract.- High resolution spectra of Nickel in the wavelength interval from 1.584 
to  1.615 4 have been obtained recently a t  J.E.T. using a bent crystal spectrometer. 
Atomic parameters fo r  resonance l ines  (Ni XXVII) and dielectronic and innershell 
s a t e l l i t e  l ines (Ni XXVI and Ni X X V )  have been calculated f o r  the i r  interpretation.  

I INTRODUCTION. 

The study of the He-like resonance- l ine  s a t e l l i t e s  provides a convenient method f o r  
X-ray spectroscopic diagnostics of both astrophysical and laboratory plasmas a t  
high temperature 11). These s a t e l l i t e  l ines  are due t o  innershell transit ions of the 
type 

ls2 na - 1s 2a1 na" with n > 2 (1) 

and they can be seen in high resolution spectra ( A / A A  >> 1000) of highly ionized 
atoms. They have been f i r s t  observed from solar active regions and f lares .  For 
instance since several years many sof t  X-ray spectra of solar abundant elements 
have been obtained from spectrometers aboard spacecrafts a s  XRP on the Solar Maxi- 
mum Mission 121. On an other hand similar spectra have been observed from Tokamak 
plasma discharges 13, 41. The radiation i s  emitted from high Z elements which enter 
the plasma as  impurities from walls of the vacuum vessel (Fe, Cr, Ti, ... ) and the 
plasma l imiters (Ni) and i s  therefore of great in teres t  fo r  diagnostics. These 
diagnostic applications include measurements of the electron temperature, the 
ionic temperature, the ionization equilibriumand the impurity transport from 
intensity rat ios.  

This paper presents a part  of the calculation f o r  Ni carried out f o r  a l l  the He-like 
resonance l ine  s a t e l l i t e s  corresponding to  the transit ions given by (1) f o r  
n = 2, 3, 4 i.e. the Li-like sa t e l l i t e s .  We also report some resul ts  f o r  the Be-like 
s a t e l l i t e s  l s 2  2% na' - 1s 2p 2a'I nal" with n = 2, 3,  4. These data are being 
used fo r  interpreting the s a t e l l i t e  spectra of N i  XXVII which have been just  obtai- 
ned from the Joint  European Torus (JET) the world's largest  fusion experiment where 
Ni i s  the most important metal impurity. 
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I1 ATOMIC PROCESSES IN SUCH HOT PLASMAS. 

The Tokamak plasmas are o p t i c a l l y  t h i n  w i t h  an e l e c t r o n  tern e ra tu re  i n  the  range 
o f  1.5 t o  5 Lev and an e l e c t r o n  dens i t y  between 1013 and l o Q 4  ~ m - ~ .  The observed 
emissions a re  dominated by various processes such as ( f o r  the case of N i  ions) :  . c o l l i s i o n a l  e x c i t a t i o n  from Ni X X V I I ;  . i n n e r s h e l l  c o l l i s i o n a l  e x c i t a t i o n  from Ni X X V I  and M i  XXV; . c o l l i s i o n a l  i o n i z a t i o n  from Ni X X V I ;  . r a d i a t i v e  cascades from higher  Ni X X V I I  exc i ted  leve ls ;  . d i e l e c t r o n i c  capture from N i  X X V I I  and M i  X X V I .  

I11 DIAGNOSTICS FROM INTENSITY RATIOS. 

Fig. 1 shows the energy l e v e l  diagram o f  the  p r i n c i p a l  l i n e s  used f o r  d iagnos t i c  
purposes 

Fig. 1.- Energy l e v e l  diagram o f  some Ni XXV!!, N i  X X V I ,  
Ni XXV exc i ted  s ta tes  showing the w resonance l i n e  and 
associate s a t e l l i t e  t r a n s i t i o n s .  

a )  E lect ron temperature. 
The i n t e n s i t y  r a t i o  o f  a  s a t e l l i t e  l i n e  Isf (from the l e v e l  s  t o  l e v e l  f )  populated 
by d i e l e c t r o n i c  recombination ( f o r  example j o f  Ni X X V I )  t o  the Ni X X V I I  resonance 
l i n e  I, can be w r i t t e n  as 

w i t h  
A; A? 

Fz(S.1 = g s  

where A; and A , S ~  are the  au to ion iza t ion  and r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  i n  
s- l ,  from the l e v e l  s, g s  the s t a t i s t i c a l  -weight o f  the  l e v e l  s, 



where E i s  the energy o f  the l e v e l  s  r e l a t i v e  t o  the  ground s t a t e  of the He-1 i ke 
ion, g l  the  s t a t i s t i c a l  weight o f  t h i s  ground state,  Cw(Te) i s  the e f f e c t i v e  c o l l i -  
s ion  r a t e  f o r  the l i n e  w  and Te the temperature i n  K. 

b)  Re la t i ve  abundances o f  i ons  f o r  a  g iven element. 
When Te i s  known, the i n t e n s i t y  r a t i o  o f  a  s a t e l l i t e  l i n e  a r i s i n g  on ly  by d i r e c t  
impact e x c i t a t i o n  o f  a  I s  inner -she l l  e l e c t r o n  ( f o r  example q o f  Ni X X V I  and 
B of Ni XXV) t o  the resonance l i n e  w  can be w r i t t e n  as 

I, N(Ni XXVI) Cq(Te) 
- - 
Iw N(Ni XXVII) Cw (Te) 

where C q  i s  the inner -she l l  e x c i t a t i o n  r a t e .  

I V  ATOMIC PHYSICS CALCULATIONS. 

To c a l c u l a t e  the t h e o r e t i c a l  spectrum which a l lows these d iagnost ics,  we have t o  
compute a  l a r g e  number o f  atomic parameters as mentioned above. For t h i s  purpose 
the computation must be r e l i a b l e  and the  computer code must prov ide t h i s  l a r g e  
amount o f  atomic data. That i s  the reason why we used the program package from 
U n i v e r s i t y  Col lege of London 15, 61 completed by the program AUTOLSJ described i n  
reference 141. I n  the case o f  Ni a  r e l a t i v i s t i c  Hamil tonian has been used. A l l  the 
wavelengths given i n  the tab les  were normalized t o  a  resonance l l n e  wavelength 
( A ~  = 1.5885 8 )  using a  double d i f f e r e n c e  cor rec t ion  A A  = + 0.0025 1 171. 

a )  He- l i ke  l i nes .  
The i n t e n s i t i e s  of the  He- l ike l i n e s  as w are p ropor t iona l  t o  

Ne N(Ni XXVII) ~ e f f  

the e f f e c t i v e  c o l l i s i o n  r a t e s  ceff are given i n  Table 1 f o r  some temperatures o f  
i n t e r e s t .  They inc lude the cascade con t r ibu t ions  from the upper l e v e l s  and the  
resonance e f f e c t s  due t o  the doubly exc i ted  l e v e l s  o f  the L i - l i  ke i o n  181. 

Table 1.- Ef fect ive c o l l i s i o n  rates, C i n  c m k l ,  from the ground s t a t e  l s 2  
of Ni X X V I I  i n c l u d i n g  r a d i a t i v e  cascades and c o l l i s i o n a l  resonances. 
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Table 2.- Calculated wavelengths and s a t e l l i t e  l i n e  f a c t o r s  f o r  N i  X X V I .  
(A i n  and F2(s )  i n  1013 s-l). 

LINE 

ls2p2 2p312 - ls22p 2p312 

lszP2 4p5;2 - 1 ~ 2 2 ~  *p3/2 
1 ~ 2 ~ 2  20.5/~ - 1 ~ 2 2 ~  2p312 

1 ~ 2 ~ 2  203/2 - ls22p 2 ~ 1 / 2  
1 ~ 2 ~ 2  2D312 - 1 ~ 2 2 ~  

1 ~ 2 ~ 2  2 ~ ~ / ~  1 . ~ 2 2 ~  

ls2p3p 205/2 - 1 ~ 2 3 ~  2p3/2 

ls2p3p 2 ~ 3 / 2  - ls23p 2p1/2 

ls2p3p 2 ~ 3 / 2  - ls23p 2 ~ 3 / 2  

ls2p3d 2 ~ 7 / 2  - ls23d 2 ~ 5 / 2  

ls2p3d 2 ~ 5 / 2  - ls23d 2 ~ 3 / 2  

Table 3.- Contribution a of t h e  unresolved s a t e l l i t e  l i n e s  t o  the  w resonance l i n e  
of Ni X X V I I  w i t h  a spec t ra l  r eso lu t ion  of A / A A  = 104. 

Ident. x ( i )  Fp(s) 

(a 1.5975 1.42(14) 

( e  1.6071 1.35114) 

(j) 1.6008 5.50(14) 

(k) 1.5981 3.71(14) 
(1 1.6032 4.62(13) 
(m) 1.5935 5.53(13) 

............................................................................. 
(dl31 1.5906 1.55(14) 

(d15) 1.5899 1.30(14) 

(d5) 1.5897 6.40(13) 

(h15) 1.5893 2.24(14) 

(h13) 1.5881 6.41(13) 

fe(106K) 

20 

30 

40 

50 ------------ 
~ f a )  

ls2p(1p)2s2~l/2 l s 2 p ( 3 ~ ) 2 s 2 ~ 1 / 2  l s 2 p ( 3 ~ ) 2 s 2 ~ 3 1  
( r (9) (t) (s) 

1.22(- 14) 3.65(-14) 1.01(-14) 6.76(-15) 

4.85(-14) 1.49(-13) 4.04(-14) 2.26(-14) 

9.53(-14) 3.00(-13) 7.97(-14) 3.84(-14) 

1.42(-13) 4.55(-13) 1.19(-13) 5.01(-14) ....................................................................... 
1.5998 1.5966 1.5936 1.5930 

Table 4.- Electron e x c i t a t i o n  r a t e s  ~ ( c m 3  s-1) from the  ground s t a t e  l s22s  2 ~ 1 / 2  
of N 1  X X V I .  



b) Li- l ike l ines .  
The two processes c h a r a c t e r i s t i c  of the  formation of these l i n e s  a r e  the  d ie lec t ro-  
n i c  recombination and t h e  inner-she1 1 c o l l  i  sional exc i ta t ion .  In the  f i r s t  case the 
i n t e n s i t y  of the corresponding l i n e  i s  dependent of the f a c t o r  F2(s) given i n  equa- 
t ion  (2) .  Table 2 gives the  most important d i e l e c t r o n i c  and well resolved l i n e s  f o r  
n = 2 and 3. With increasing n, the  l i n e s  converge on t h e i r  parent He-like l i n e  and 
i t  i s  necessary t o  est imate t h e i r  contr ibut ion t o  the  resonance l i n e  71. Table 3 b shows t h i s  contr ibut ion a (Te)  f o r  a spectral  resolut ion of  h/AA = 10 . 
In the  second case, t h e  i n t e n s i t y  of the  inner-shell exci ted l i n e s  i s  character ized 
by the c o l l i s i o n a l  e x c i t a t i o n  r a t e  C given in Table 4. 

c) Be-like l ines .  
The processes f o r  the formation of these l i n e s  a r e  the  same ones a s  the  Li- l ike 
l i n e s .  Table 5 gives the  parameters obtained f o r  the  most important d i e l e c t r o n i c  
s a t e l l i t e  l i n e s .  

Table 5.- Calculated wavelengths and s a t e l l i t e  l i n e  f a c t o r s  f o r  Ni XXV (A i n  A 
and F$(s) i n  1013 s - l ) .  

CONCLUSION. 

~ 2 s )  

7.06 

34.88 

10.8 

22.2 

10.4 

8.73 

0.91 

6.08 

6.22 

6.31 

2.64 

2.66 

1.26 

3.12 

LINE 

ls2s2p2 - ls22s2p 

3D3 - 3p2 

3P2 - 3p2 

302 - 3pl 

3D1 - 3pl 

ID2 - 3p2 

1 ~ 2 ~ ~ 2 ~  lpl  - ls22s2 Iso ( B )  
ls2s2p3p3D3 - 1 ~ 2 2 ~ 3 ~  3P2 

ID2 - 3p 1 

l s 2 ~ 2 p 3 d 3 ~ ~  - ls22s3d 3D3 

1 ~ 2 ~ 2 ~ 3 ~ 3 ~ ~  - 1 ~ 2 2 ~ 3 ~  3P2 

l s 2 s 2 p 4 p 3 ~ ~  - 1 ~ 2 2 ~ 4 ~  3P2 

1 ~ 2  - 3pl 

l s 2 s 2 p 4 d 3 ~ ~  - ls22s4d 3D3 

The theore t ica l  spectrum of N i  X X V I I  can be b u i l t  using the  atomic data  given i n  
the  d i f f e r e n t  t ab les .  The ad jus tab le  physical parameters a r e  the  e lec t ron  and ion ic  
temperatures and r e l a t i v e  abundance r a t i o s  of the  d i f f e r e n t  ion s tages.  

X 

1.6112 

1.6089 

1.6073 

1.6065 

1.6054 

1.6034 

1.6040 

1.5994 

1.5985 

1.5978 

1.5969 

1.5976 

1.5974 

1.5971 

More complete ca lcu la t ions ,  including ion iza t ion ,  recombination, exc i ta t ion  of the 
Be-like l e v e l s  and atomic parameters f o r  t h e  B-like l i n e s  wil l  be given i n  a j o i n t  
paper with JET co l labora tors .  



JOURNAL DE PHYSIQUE 

REFERENCES. 

(1) Gabriel ,  A.H.: 1972, Mon. Not. R. Astron. Soc. 160, 99. 
121 Acton, L.W., Cul hane, J.L., Gabriel,  A.H. e t  a l .  : 1980, Solar  Physics 65, 1980. 
131 B i t t e r ,  M . ,  H i l l ,  K.W.,  Sauthoff,  N.R. ,  Efthimion, P.C., Meservey, E., Roney, 

W . ,  von Goeler, S., Horton, R . ,  Goldman, M.,  Stodiek, W . :  1979, Phys. Rev. Lett.  
43, 129. 

141 ~ F . R .  Group, Dubau, J . ,  Loulergue, M . :  1982, J. Phys. B 2, 1007. 
151 Eissner ,  W . ,  Jones, M. ,  Nussbaumer, H . :  1974, Comput. Phys. Commun. 8, 270. 
161 Eissner ,  W., Seaton, M.J.: 1972, J .  Phys. 6 5, 2187. 
( 7 )  Bely-Dubau, F., Faucher, P., Steenman-Clark, L . ,  B i t t e r ,  M . ,  von Goeler, S. ,  

H i l l ,  K . W . ,  Camhy-Val, C . ,  Dubau, J.: 1982, Phys. Rev. A 3, 3459. 
(81 Faucher, P., Dubau, J . :  1985, Phys. Rev. A 3, 3672. 


